phosphophoryn/sensitive staining/susceptibility of phosphophoryn/maturation process Abstract: Phosphophoryn (PP) is a unique phosphoprotein of dentin . Previous investigators have reported that PP degrades during tooth maturation, but its degradation mechanism has not been determined . In this study, we attempted to examine the susceptibility of PP to proteases , using SDS-PAGE with sensitive staining, and we discussed the mechanisms of PP degradation . A human molar, divided into crown and root, was analyzed by SDS-PAGE. The crown fragment contained more lower molecular weight components than the root fragment, indicating that human PP is degraded in vivo during maturation . To examine the mechanisms of the degradation, we investigated the susceptibility of PP to proteases and heat treatment . Rat PP preparations were subjected to matrix metalloproteinase-2 (MMP-2) , trypsin or heat treatment. Major bands of rat PP were observed at 74 and 70kDa. These two bands were clearly observed in the sample treated with MMP-2 or trypsin, but in the heat-treated sample, the proteins corresponding to the major bands were degraded and only diffuse staining was observed . Enzymatic PP degradation was not observed
Introduction

Phosphophoryn
(PP) is a unique phosphoprotein of dentin and is a possible modulator of biomineralization1). PP is synthesized by odontoblasts and appears and forms precipitates with calcium ions5,6) . The protein has an affinity also to hydroxyapatite crystals7).
In the formation of a mineralization-competent matrix and during the mineralization process, remodeling and controlled degradation of some matrix components occurs. Butler, et al.8) reported that rat dentin phosphoprotein had multiple forms with changes of the amino acid compositions in dentin maturation.
Takagi and Veis9) were able to isolate phosphoprotein from human dentin and reported that this component is electrophoresed as a diffuse stain on SDS-PAGE.
This heterogeneity may be attributable to posttranslational processes including protein degradation. Lee, et al.10) reported that the phosphoproteins of bovine dentin were degraded in vivo during the mineralization and maturation of tissue. Fujisawa, et al.11) reported that pyruvate was formed time dependently in and subsequent cleavage of the peptide chain, which may contribute to the polydispersity of phosphophoryn. We indicated that the maturation process was present in rat phosphophoryn on SDS-PAGE with sensitive staining methods12).
Matrix metalloproteinases
have been implicated in the breakdown and physiologic remodelling of the extracellular matrix in a variety of tissues including dental tissues13). Gelatinases (MMP-2) have been detected in porcine dentin14) and human dentin15).
Investigators reported that MMP-116), MMP-3"), MMP-8 18) , MMP-919) and MMP-2020) were present in dentin or predentin.
However, the role of these enzymes in the mineralization and maturation processes in dentin is less well defined.
In this study, we attempted to examine the susceptibility of PP to proteases, using SDS-PAGE with sensitive staining and we discussed the mechanisms of PP degradation. MMP-2 was used as a representative of MMPs in dentin. Trypsin was used as a representative of drastic proteases, since PP contains lysine and arginine residues, possible cleavage sites.
Materials and Methods
Materials
Rat incisors were obtained from a male WistarKing rat, 2 months old. Healthy erupted permanent human third molars, extracted for valid clinical reasons, were obtained from the Hinode dental office (Sapporo, Japan). Informed consent was obtained from patients before their enrollment in the investigation. Immediately after extraction, the teeth were cleaned of blood with distilled water and any attached soft tissue was carefully scraped off with a scalpel.
Enamel and cementum were removed from dentin with diamond burs under a continuous water spray. A human molar was divided into crown and root. After the removal of dental pulp, they were washed with TBS (50mM Tris HCl, 150mM NaCl, pH 7.4, containing protease inhibitors (PI) (1mM benzyl sulfonyl fluoride, 5mM benzamidine HCl and 50mM 6-aminohexanoic acid) for 1h. After washing in this solution, the teeth were rinsed in distilled water and stored frozen until used.
Demineralization and extraction
Phosphophoryns were extracted and purified from the materials21). Briefly, the teeth were frozen in liquid N, and were broken into pieces in a stainless mortar.
The materials were extracted with 4M guanidine HCl, 50mM Tris HCl, pH 7.4, containing PI for 1 at 5,000rpm for 20 min and the supernatant was collected. The supernatant was lyophilized after dialysis against an excess of distilled water containing PI.
DEAE-Sephacel column chromatography
The rat EDTA extracts (1.2mg) were dissolved in 2M urea, 50mM Tris HCl, pH 8 .2. Samples were and eluted with an equilibration buffer (2M urea, 50 mM Tris HCl, pH 8.2) at room temperature. A linear gradient of NaCl up to 0.5M in the equilibration buffer was used to elute the phosphophoryn. Absorbance at 230nm of the elute was monitored, and the phosphorus content in each fraction was determined following a protocol described by Takagi and Veis9) .
A fraction having high phosphorus content was dialyzed against distilled water prior to lyophilization . 
Degradation of phosphophoryns
The phosphophoryn preparations were subjected to enzymatic or non-enzymatic degradation. Recombinant human matrix metalloproteinase-2 (MMP-2) (Genzyme/Techne, Mineapolis, Minnesota) and trypsin (Wako, Osaka) were used as enzymes. The MMP-2 was processed as per the manufacturer's instructions22). Ten micrograms of phosphophoryns (trichloroacetic acid) was added. They were centrifuged at 10,000rpm for 15 min and the sediments were collected. The sediments were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
The electrophoresis of proteins was carried out materials were electrophoresed and the gels were stained with the combined staining . Several bands were detected for the rat EDTA extracts , but diffuse staining was observed for the human EDTA extracts .
In the rat EDTA extracts, major bands were observed at 74 and 70kDa and diffuse staining was observed in the range of 70-30kDa . In the human EDTA extracts, no clear bands were observed and only diffuse staining was present. The density profile of the gels was analyzed by NIH image (Fig. 2) . The density peaks of the human EDTA extracts were less definite than those of the rat extracts. The human extract contained more lower molecular weight components than the rat extract.
A human molar, divided into crown and root , was analyzed by the same method (Figs. 3, 4) . The extracts stains were diffuse and no clear bands were observed.
The density peak was at 67kDa, and the density spread gradually to the lower molecular weight range.
The crown fragment contained more lower molecular weight components (50-20kDa) than the root fragment.
The rat phosphophoryn was partially purified by ion-exchange chromatography.
The major phosphorus-containing peak was eluted at around 0.3M NaCl in DEAE-Sephacel chromatography (Fig . 5 ).
This peak was collected and used as a phosphophorynenriched fraction in the following study .
The rat phosphophoryn was subjected to enzymatic or non-enzymatic degradation . Major bands of phosphophoryn were observed at 74 and 70kDa (Fig. 6 ) . These two bands were clearly observed in the sample subjected to the enzymatic degradation . There were no clear differences between the samples treated for 4h and 15h. The 74kDa bands of the samples affected by trypsin were not clear, compared to the other samples. The 23kDa bands in lanes 5 and 6 were trypsin. In the heat-treated sample, the proteins corresponding to the major bands were degraded and only diffuse staining was observed. The density of the stain in the heat-treated sample was observed over a wide range from 94 to 20kDa.
Discussion
The bands, molecular weights of 74 and 70kDa, that we determined as rat PP are similar to the findings of previous reports25,26). These bands were stained with combined staining, not with silver staining alone. The diffuse stain of human PP was also stained with combined staining, not with silver staining alone. PP is a strong acidic protein, so PP is poorly stained on acrylamide gels using silver staining alone12). Therefore, these bands and the diffuse stain can be identified as PP.
Takagi and Veis9) reported that human PP does differ from rat PP on SDS-PAGE with Stains-all staining. Sharp bands were observed in the rat PP, but only diffuse staining was present in the human PP.
This result agreed with our investigation. The diffuse bands reflect possible degradation of the human PP in situ. McCurdy, et al.27) reported that the band migration at Mr=96,000 on 12% SDS-PAGE was observed for immature human roots, but not for mature human roots. In this study, no clear bands were observed in the human sample, and the human crown fragment contained more lower molecular weight components than the root fragment. During the process of PP extraction, protease inhibitors were used at every step, and crown and root PP were extracted using the same methods. Considering that the root was formed more recently than the crown, the differences in these two tissues reflect the maturation process. Our results support the theory that human PP is degraded in vivo during maturation. McCurdy, et al.27 ) also reported that human PP undergoes changes in amino-acid composition, i.e. a significant decrease in number of serine residues, during maturation. However, we can not completely rule out the effect of contaminating intrinsic proteases.
PP contained more lower molecular weight components in maturation. Butler, et al.8) reported that rat PP had multiple forms, and they might include proteolytic products. An investigation using molecular cloning indicated that PP may be derived from a larger-molecular-weight precursor dentin sialophosphoprotein, by proteolytic processing28). (Fig. 6 ). For proteases, we used MMP-2 as a protease present in dentin, and trypsin as a drastic protease. PP was resistant to the MMP-2 and trypsin. This resistance may be attributable to the abundance of phosphoserines and aspartic acids in this molecule. Although lysine and arginine residues are present in PP, most of these residues are in the close vicinity of phosphoserines and aspartic acids. The negative charge of these residues may interfere with the action of the proteases. It is possible that the PP preparations in this study had already been degraded by intrinsic proteases. In that case, we can not determine the susceptibility of nascent PP to MMP-2 from the present data.
We observed a severe degradation of PPs in the human crown dentin. We could not reproduce such degradation by MMP-2 treatment of rat PP. MMP-2 could not degrade the PP into small molecular weight fragments in vitro. MMPs other than MMP-2 may be responsible for the degradation. Another possible mechanism of the degradation is non-enzymatic degradation. In our in vitro heat treatment, PP was degraded into small molecular weight fragments. The electrophoretic pattern of the heat-treated PP resembles that of the PP from human crown dentin.
One candidate for the non-enzymatic processes is neutral pH, it might reach significant levels during the long period of dentin maturation, especially taking into consideration the accelerating effect by calcium ions11). As PP is known to be a potent inhibitor of calcification, its degradation could accelerate the growth of dentin apatite crystals with the maturation of dentin29). 5) Kuboki, Y., Fujisawa, R., Aoyama, K. and Sasaki, S.: Calcium-specific precipitation of dentin phosphoprotein: a new method of purification and the significance for mechanism of calcification. J. Dent. Res. 58: 1926 Res. 58: -1932 Res. 58: , 1979 6) Marsh, M.E.: Self-association of calcium and magnesium complexes of dentin phosphophoryn. 
